Introduction: Co-occurrence of cerebrovascular disease and depression led to the "vascular depression hypothesis". White matter hyperintensities (WMHs) have been associated with depressive symptoms in population-based studies. We studied the association between small vessel disease and depressive symptoms in a memory clinic population. Methods: We included .2000 patients with subjective cognitive decline (SCD), mild cognitive impairment, and Alzheimer's disease (AD). Magnetic resonance imaging was rated for WMHs, lacunes, and microbleeds. Depressive symptoms were assessed using the Geriatric Depression Scale. We performed logistic regression analysis. Results: Depressive symptoms were present in AD: 17%; mild cognitive impairment: 25%; and SCD: 23%. SCD patients with WMHs showed higher propensity of depressive symptoms than AD patients with WMHs. AD patients with microbleeds were more likely to have depressive symptoms compared with AD patients without microbleeds (odds ratio 5 1.70; 95% confidence interval: 1.08-2.68). Discussion: Microbleeds are associated with depressive symptoms in AD, supporting a potential role of cerebral amyloid angiopathy in the occurrence of depressive symptoms in AD.
Introduction
Depressive symptoms are common in older people and have been associated with cognitive and functional impairment and lower quality of life [1, 2] . Depressive symptoms in older people are often referred to as late-life depression and are related to an increased risk of dementia [3, 4] . Approximately 30% of patients with dementia experience depressive symptoms [2] . Cerebrovascular disease often co-exists with Alzheimer's disease (AD). Cerebral small vessel disease (CSVD) is the most common vascular cause of dementia and a major contributor to mixed dementia [5] . Magnetic resonance imaging (MRI) markers of CSVD include white matter hyperintensities (WMHs), lacunes, and microbleeds [6] . Associations between depressive symptoms and CSVD have been found cross-sectionally and longitudinally in (healthy) older people and have led to the "vascular depression hypothesis" in late-life depression [7] [8] [9] [10] [11] [12] [13] [14] . Depressive symptoms could be an entity on their own-unrelated to cognitive decline and dementia, but depressive symptoms have also been hypothesized to be a prodromal, early manifestation of neurodegeneration or a risk factor for dementia [15] . Alternatively, depressive symptoms could be a psychological reaction to perceived cognitive impairment.
Studies investigating the relationship between depressive symptoms and CSVD are mostly limited to large populationbased studies [3, 7, 10, 16] , in patients without cognitive impairment. This study is among the first using a large cohort of memory clinic patients. We hypothesize that the relationship between CSVD and depressive symptoms is modulated by disease severity and expect this relationship most prominently in nondemented subjects. To test this hypothesis, we investigated in a cross-sectional study whether MRI markers of CSVD were associated with depressive symptoms in patients with subjective cognitive decline (SCD), mild cognitive impairment (MCI), and AD.
Methods

Subjects
We included 2136 patients (810 SCD, 488 MCI, and 838 AD patients) with available MRI scans and Geriatric Depression Scale (GDS) scores from the memory clinicbased Amsterdam Dementia Cohort [17] .
All patients visited the memory clinic between August 2001 and September 2016 and underwent standardized brain MRI. All patients underwent a 1-day standardized dementia screening that included medical history, physical and neurological examinations, screening laboratory tests, neuropsychological assessment, and standardized brain MRI. Clinical diagnosis was established by consensus in a multidisciplinary team. AD patients met the NINCDS-ADRDA criteria (proposed by the National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association) for probable AD [18] and also met the core clinical criteria for probable AD proposed by the National Institute on Aging-Alzheimer's Association workgroup [19] . Diagnosis of MCI was based on the Petersen and National Institute on Aging-Alzheimer's Association criteria for MCI [20, 21] . Patients were considered to have SCD when they presented with cognitive complaints, and results of clinical assessments were normal (i.e., criteria for MCI or psychiatric disorder were not fulfilled and other underlying neurologic diseases were ruled out). For all patients, history of depression, the use of antidepressants (e.g., selective serotonin reuptake inhibitors [SSRIs], tricyclic antidepressants, monoamine oxidase inhibitors), and the presence of vascular risk factors (i.e., hypertension, diabetes mellitus, and hypercholesterolemia) were determined based on self-reported medical history and medication use. Smoking status was dichotomized into never and former or current smoker. Level of education was classified according to the system of Verhage ranging from 1 to 7 (low to highly educated) [22] . The study was approved by the medical ethics committee of the VU University Medical Center. All patients provided written informed consent for their data to be used for research purposes.
Evaluation of depressive symptoms
Depressive symptoms were assessed using the 15-item self-reported GDS, which has a maximum score of 15 [23] . The GDS-15 is frequently used in clinical practice and research and is a valid and reliable screening instrument for depressive symptoms in older people [23] . A systematic review found a sensitivity of 0.89 and specificity of 0.77 of the GDS-15 at a cutoff score of 5 [24] . In our study, the GDS was orally administered to patients by a neuropsychologist. We classified patients as having depressive symptoms if their score on the GDS was 5 or higher.
Evaluation of MRI markers
MRI was performed on 1.0T (n 5 548), 1.5T (n 5 189), or 3.0T (n 5 1391) scanners. The MRI protocol included T1weighted, T2-weighted, fluid-attenuated inversion recovery (FLAIR) and gradient echo T2*-weighted images. The severity of WMHs using the Fazekas scale was determined on the FLAIR sequence (possible range: 0-3) [25] and was dichotomized into absent (Fazekas 0-1) or present . WMH data were available for 2128 patients. Lacunes were defined as sharply demarcated deep lesions with CSF-like signal on all sequences and were dichotomized into absent or present (1 lacune). Lacune count was available for 2074 patients. Microbleeds are small dot-like hypointense lesions on T2*-weighted MRI [6] . Microbleed count was dichotomized into absent or present (1 microbleed). Microbleed count was available for 2090 patients.
We classified patients as having CSVD if their MRI showed presence of WMHs (Fazekas score 2), presence of lacunes (1 lacune), and/or presence of microbleeds (1 microbleed). Global cortical atrophy (GCA) was defined on axial FLAIR images (range 0-3) and dichotomized into absent (0-1) or present (2-3) [26] . Medial temporal lobe atrophy (MTA) was determined on coronal T1weighted images using the Scheltens scale (range 0-4) [27] , the mean of left and right MTA scores was dichotomized into MTA absent (,1.5) or MTA present (1.5).
Evaluation of APOE
DNA was isolated from 10-mL blood samples in ethylenediaminetetraacetic acid. Apolipoprotein E (APOE) ε4 genotype was determined with the LightCycler APOE mutation detection method (Roche Diagnostics GmbH, Mannheim, Germany). APOE was analyzed according to the presence or absence of an APOE ε4 allele. APOE ε4 data were available for 2020 patients (SCD: 757/810; MCI: 462/488; and AD: 801/838). variance and Pearson c 2 tests were performed to compare groups when appropriate.
We performed logistic regression analysis to investigate associations between markers of CSVD and depressive symptoms using a predefined cutoff of 5 for the GDS score to classify patients as depressed (GDS 5) or not depressed (GDS , 5). In addition, we performed logistic regression analysis to investigate associations between markers of CSVD and antidepressant use. We adjusted for diagnosis (using dummy variables), age, and sex (model 1). We additionally adjusted for education, MRI field strength, Mini-Mental State Examination score, presence of vascular risk factors (hypertension, hypercholesterolemia, and diabetes mellitus), presence of the APOE ε4 allele, GCA, and MTA (model 2). In model 3, we additionally adjusted for antidepressant use. To check whether associations with CSVD markers differed according to the diagnostic group, interaction terms (diagnosis ! CSVD marker) were included to model 1. If these interactions were significant, we show the odds ratio (OR) stratified by diagnostic group. If not significant, the interaction term was removed from the model, and associations across groups are shown. The significance level for the analyses of the outcome variables was set at ,.05.
Results
Demographic data and MRI measures are summarized by the diagnostic group in Tables 1 and 2 . SCD patients were younger than MCI and AD patients. AD patients were more often female than patients with MCI and SCD. We observed depressive symptoms (i.e., GDS 5) in 17% of AD patients, 25% of MCI patients, and in 23% of SCD patients. AD patients less often used antidepressant medication, compared with MCI patients (AD: 8% vs. MCI: 11%; P , .05). CSVD was present in 40% of AD patients, 46% of MCI patients, and in 28% of SCD patients. AD patients had lower scores on the GDS than MCI and SCD patients (AD: 2.58 6 2.38 vs. MCI: 3.21 6 2.91 and SCD: 3.09 6 2.68, P , .05). AD and MCI patients more often had WMHs, lacunes, and microbleeds than SCD patients. Table 3 shows the associations between markers of CSVD and presence of depressive symptoms, using logistic regression analysis. We found a significant interaction between WMHs and diagnosis as well as between microbleeds and diagnosis, suggesting that the likelihood of having depressive symptoms associated with WMHs and microbleeds is different for SCD, MCI, and AD. After stratification for diagnosis, results showed that, although not significant, SCD patients with WMHs were more likely to have depressive symptoms compared with SCD patients without WMH (OR 5 1.56; 95% confidence interval [CI]: 0.91-2.68; P 5 .100). In contrast, AD patients with WMHs tended to show less propensity of depressive symptoms compared with AD patients without WMHs (OR 5 .64; 95% CI: 0.39-1.04; P 5 .075). Second, AD patients with History of depression, antidepressant use, and presence of vascular risk factors (i.e., hypertension, hypercholesterolemia, and diabetes mellitus) were determined based on self-reported medical history and medication use.
Association between structural CSVD markers and depressive symptoms
x APOE ε4 data were available for 2020 patients. microbleeds were more likely to have depressive symptoms compared with AD patients without microbleeds (OR 5 1.70; 95% CI: 1.11-2.60; P , .05), whereas such an effect was not present in MCI or SCD. Lacunes were not associated with the presence of depressive symptoms in any of the groups.
When we repeated the analyses with additional adjustment for education, MRI field strength, Mini-Mental State Examination score, presence of vascular risk factors, presence of APOE ε4 allele and atrophy (model 2), and with additional adjustment for antidepressant use (model 3), we found similar results. Finally, we performed an additional analysis between the presence of CSVD and depressive symptoms. We found no associations between the presence of CSVD and depressive symptoms (model 1: OR 5 1.10; 95% CI: 0.87-1.39 and model 2: OR 5 1.07; 95% CI: 0.83-1.37; both P . .05) (data not shown).
Finally, we did not find an association between antidepressant use and microbleeds in any of the groups (AD: OR 5 0.75; 95% CI: 0.38-1.46; MCI: OR 5 0.63; 95% CI: 0.28-1.412; and SCD: OR 5 0.92; 95% CI: .43-1.98).
Discussion
The main finding of this study is that microbleeds are related to the prevalence of depressive symptoms in AD patients, but not in patients with MCI or SCD. Furthermore, the propensity for depressive symptoms is higher in SCD patients with WMHs than in AD patients with WMHs. We found no associations between lacunes and the prevalence of depressive symptoms in any group (Figs. 1 and 2) .
Previous studies on depressive symptoms in older people have primarily focused on the relation of WMHs with depression. Population-based studies have firmly established both cross-sectional and longitudinal associations between depressive symptoms and depression and WMH severity. Persons with depression more frequently have WMHs than controls without depression [8, 28] . Persons with late-life depression have a four-fold higher prevalence of WMHs than persons with early-onset depression or controls [28] . Greater longitudinal increases in WMH volume are associated with poorer outcomes in late-life depression [29] . Presence of WMHs can increase the risk of depression later in life, which supports the "vascular depression hypothesis". Also, previous literature showed that lacunar infarcts have been associated with depressive disorders in healthy older people [30] . The Leukoaraoisis and Disability (LADIS) Study found an association between lacunes in mainly the basal ganglia region and depressive symptoms in older people [9] . An autopsy study in older people with late-life depression, however, found that depression was not related to WMHs or lacunes [31] . In a population-based study in which depression was diagnosed by a structured diagnostic interview, depression was associated with the presence of Lewy bodies, but not with the presence of WMHs and/or lacunes or Alzheimer pathology [32] . These (13) neuropathological studies show that late-life depression can develop in the absence of vascular abnormalities. In our study, we expected to find associations between depressive symptoms and WMHs. By contrast, we did not find a significant association between depressive symptoms and WMHs in any group. For AD patients, we even found an OR in a direction opposite to what we expected, namely that AD patients with WMHs had a decreased risk of depressive symptoms compared with AD patients without WMHs. An explanation for these results could be the use of the Fazekas Fig. 1 . Examples of FLAIR-MRI scans. Abbreviations: FLAIR, fluid-attenuated inversion recovery; GDS, Geriatric Depression Scale; MMSE, Mini-Mental State Examination; MRI, magnetic resonance imaging; SCD, subjective cognitive decline. To check if associations with SVD markers differed according to the diagnostic group, interaction terms (dummy diagnosis*SVD marker) were included in the model. If these interactions were significant, we showed the odds ratio stratified by the diagnostic group for all models. If not significant, the interaction term was removed from the model, and associations across groups are shown. The significance level for the analyses of the outcome variables is set at ,.05. *Significant interaction term; subsequently stratification for diagnosis. y P , .05.
scale, a widely used visual rating scale for WMHs. Although the Fazekas scales correlates well with volumetry assessment [33] , visual rating scales such as the Fazekas scale show ceiling effects and nonlinearity of the data. A second explanation could be the use of the GDS-15 as measure of depressive symptoms in our study. Cognitive impairments in MCI and AD patients may affect the sensitivity and specificity and hence influence the diagnostic accuracy of GDS-15 [34] . However, the design of the GDS-15 with the yes/no format and the oral administration by a neuropsychologist makes it easy to use, even for patients with cognitive impairment. Furthermore, the course of depressive symptoms is heterogeneous across older people, and therefore a single assessment of depressive symptoms could have led to overestimate or underestimate of the presence of depression. We did not evaluate the presence of a depressive disorder by a clinical psychiatric interview. Other studies use different questionnaires or a (semi-)structured interview to define the presence for depressive symptoms, for example, the Center for Epidemiological Studies Depression Scale, the Hamilton Rating Scale for Depression or the Montgomery-Asberg Depression Rating Scale. In our study, we used a cutoff for the GDS-15 to classify patients with a score of 5 or higher as having depressive symptoms [24] . It is possible that the cutoff in our study was too low, which potentially overestimated the number of patients in our cohort as having depressive symptoms. However, additional linear regression analyses with a continuously used GDS showed the same results (data shown in Supplementary Table 1 ). Finally, the use of different scanners with variability in MRI field strength could have induced variability in the results. By correcting for MRI field strength in our analyses, we tried to minimize the potential effect of variability in MRI field strength. We found a relationship between depressive symptoms and microbleeds in AD. Earlier studies regarding the relationship between depressive symptoms and microbleeds found mixed results. A population-based study with a cross-sectional design found an association between deep microbleeds and depression [30] , whereas a longitudinal population-based study in healthy older people found no such association [35] . In patients with stroke, lobar microbleeds have been associated with post-stroke depression [36] . The Rotterdam Study reported that cross-sectionally, antidepressant use was not associated with prevalence of microbleeds, but use of SSRIs predisposed for an increased risk of novel (incident) microbleeds [37, 38] . In our cohort, like in the Rotterdam Study, we found no association between prevalence of microbleeds and antidepressant use. It is conceivable that antidepressant use, particularly SSRIs, would further increase the risk of incident microbleeds, but our current results do not allow to make such inferences.
Microbleeds are focal deposits of hemosiderin that indicate previous microhemorrhages. Microbleeds may occur in deep or lobar locations, depending on their pathophysiology. Cardiovascular risk factors (i.e., hypertension) and the presence of cerebral SVD markers (lacunes and WMHs) have been associated with central or infratentorial microbleeds [39] . Lobar microbleeds have been associated with cerebral amyloid angiopathy (CAA), a major cause of cognitive impairments in older people [40] . The presence of multiple lobar microbleeds has been shown to be highly specific for CAA in older people. Hereditary cerebral hemorrhage with amyloidosis-Dutch type (HCHWA-D) is an autosomal dominant disease with a similar underlying pathology of amyloid b deposition to that in sporadic CAA. Symptomatic HCHWA-D subjects show higher scores on anxiety and depression scales than presymptomatic HCHWA-D subjects and controls [41] . Our results suggest that the underlying mechanism for the relation between depressive symptoms and microbleeds might potentially be the presence of CAA and imply that the predisposition of vascular depression is not only driven by a vasculoischemic pathway but also by a CAA pathway.
Owing to the absence of information about the specific lesion location of WMHs in our analyses, we could not differentiate between periventricular and deep WMHs [6] . Likewise, we did not have information about the localization of microbleeds. The differences in observed associations between CSVD markers and depression in population-based studies and our study could potentially be due to differences in anatomical locations, pathogenesis, or risk factors for the CSVD markers.
In conclusion, our study investigated the association between depressive symptoms and MRI markers of CSVD in a memory clinic cohort. We did not find evidence for the relation between WMHs and depressive symptoms in AD, suggesting that the "vascular depression hypothesis" is limited to cognitively normal elderly. The observed relation between microbleeds and depressive symptoms in AD suggests that CAA could be an underlying mechanism in the etiology of depressive symptoms in AD.
